Muscle Wasting and Cardiac Cachexia
CHF is associated with significant morbidity and mortality, which was reported to be as high as 50% within four years after diagnosis (22) . Weight loss and body wasting, commonly termed as cachexia, are serious complications of many chronic diseases, like cancer, acquired immune deficiency syndrome, chronic obstructive pulmonary disease, and advanced CHF. Cardiac cachexia in CHF is an independent risk factor of mortality (10) . Once cardiac cachexia has been diagnosed, the mortality of CHF patients increases dramatically. The 18-months mortality of CHF patients with cachexia was found to be 50% compared with 17% in noncachectic patients (10) . Cachectic CHF patients not only show a wasting of muscle mass, but also a loss of total fat mass and a reduction in bone mineral density (11) . The prevalence of cardiac cachexia is ϳ15%, and up to 68% of CHF patients show wasting of skeletal muscle in the lower extremities without loss of total body weight (10, 48) . Until today, there is no common definition of cardiac cachexia. The most useful definition for the clinical practice is suggested by Anker et al. (9) who defined cardiac cachexia as a documented nonedematous weight loss of Ͼ6% of the previous normal weight observed over a period of six months.
One proposed mechanism of cardiac cachexia is the development of an anabolic/catabolic imbalance with reduced anabolism and enhanced catabolism because of abnormalities in the neurohormonal systems and the activation of proinflammatory cytokines (8) . In this regard, it has been shown that cachectic CHF patients have elevated plasma levels of norepinephrine and epinephrine (8) . This aggravated activation of the sympathetic nervous system appears to be sufficient to induce a catabolic state (with an increase in resting metabolic rate) because ␤-adrenoceptor agonists (like clenbuterol) have been shown to exert a direct cardiac and skeletal myotoxic effect (17, 34, 63, 64, 78) . Untreated patients with advanced CHF have a twofold increase of the catabolic hormone cortisol, whereas the anabolic steroid DEAH is decreased (8) . Growth hormone (GH) and its anabolic mediator insulin-like growth factor-I (IGF-I) are essential hormones for metabolic homeostasis. An abnormal GH-to-IGF-I ratio in cachectic CHF patients, i.e., elevated serum levels of GH and normal or low IGF-I, suggests a GH resistance in the pathophysiology of cardiac cachexia (19) . Abnormal plasma levels of aldosterone and plasma renin activation are also found in CHF patients (8) . In animal models, angiotensin II, which is highly abundant in CHF patients, leads to weight loss and muscle wasting through a decrease in IGF-I (21) .
The serum concentrations of proinflammatory cytokines like TNF-␣, IL-6, and IL-1 are known to be high in patients with cardiac cachexia (8, 45, 82) . The degree of previous weight loss is strongly correlated to TNF-␣ serum levels (8) . Furthermore, the serum levels of TNF-␣ and soluble TNF-␣ receptors are associated with a poor long-and short-term prognosis (23, 65) . Proinflammatory cytokines have pleiotropic biological effects. TNF-␣ is a key cytokine in the development of catabolism. For example, TNF-␣ was shown to induce apoptosis and to activate proteasome-dependent protein breakdown in striated muscle (1, 88) . It has also been demonstrated that TNF-␣ impairs endothelial function with a decreased blood and nutrient supply to skeletal muscle, thus reducing exercise endurance (13) . In addition, TNF-␣ inhibits food intake by increasing the plasma level of leptin (99) . In this regard, it was suggested that dietary deficiency and malabsorption are also involved in the induction of wasting during heart failure (12).
While the above-mentioned mediators will indeed contribute to the development of muscle wasting and cardiac cachexia during end-stage heart failure, a direct causal link between cardiac dysfunction, activation of neurohormones/cytokines, and muscle atrophy has not yet been established, although it was demonstrated that inhibition of adrenergic signaling by ␤-blockers or angiotensin-converting enzyme (ACE) inhibition (diminishes the levels of angiotensin II) partially reduces the risk for the development of weight loss in heart failure patients. During ACE inhibition, for example, risk reduction was reported to be 19% (9) . While this is significant, clearly other mediators not inhibited by the current treatment regimen need to be identified and therapeutically targeted to inhibit heart failure-associated muscle wasting. Emerging data suggest that such mediators include myostatin and activin-A.
Biology and Function of Myostatin
Myostatin (also called gdf-8) is a secreted protein from the TGF-␤ family and is known as a potent inhibitor of skeletal muscle growth. Among the TGF-␤ family of genes, myostatin forms a distinct subgroup together with gdf-11, with which it shares 90% amino acid identity in the COOH-terminal domain (41) . Myostatin is most abundantly expressed in skeletal muscles where it is expressed higher in fast muscle fibers (with predominant glycolytic metabolism) than in slow muscle fibers (with predominant oxidative metabolism) (49). At a much lower level, the heart and adipose tissue also express myostatin, although expression in these organs can be upregulated under pathological conditions like myocardial infarction (see below) or obesity, respectively (3, 72) . Skeletal muscle myostatin is also regulated at the mRNA level and was demonstrated to be upregulated by atrophy stimulation (e.g., muscle unloading) while being downregulated during chronic exercise (e.g., swimming) (2, 18, 29, 36, 49, 66) . Besides its expression in heart, skeletal muscle, and adipose tissue, myostatin is also found in serum (98) .
Most of the evidence about the function of myostatin is derived from mice in which myostatin expression was either ablated or artificially enhanced. Myostatin knockout mice develop a massive increase (doubling) of skeletal muscle mass (53) . This is the result of an increased number and an increased size of the muscle fibers (53) . In addition, myostatin also modifies the quality of myofibers because myostatin knockout mice show an increase in the number of fast glycolytic myofibers (these myofibers typically fatigue quickly and use mainly glycolytic metabolism for energy) and a corresponding decrease in slow fibers (these fibers are resistant to fatigue, have more mitochondria, and use predominantly oxidative metabolism for energy) (5, 27) . Interestingly, it had been found that, despite the enormous increase in muscle mass and a slight increase in maximal twitch force, the force generated per gram of muscle is reduced by almost 50% in the extensor digitorum longus muscle of myostatin knockout mice (5) . Genetic elimination of myostatin in mature mice still leads to an increase in skeletal muscle mass by 25% (90) . Mutations in the myostatin gene have been shown to be responsible for the double muscling phenotype in cattle (54) . Recently, a loss of function mutation was identified in the myostatin gene in a child with gross muscle hypertrophy, indicating that the function of myostatin to inhibit muscle growth is conserved between mice, cattle, and humans (71) . Besides the increased muscularity, the myostatin knockout mice also have reduced body fat with increasing age and are also protected against obesity triggered in genetic models (55) . Furthermore, these mice have greater sensitivity for insulin, which might render myostatin an interesting target for treatment of insulin resistance that typically occurs in type II diabetes (52, 93) . However, currently, it cannot be discerned whether the favorable metabolic effects in myostatin knockout mice were the consequence of reduced myostatin or occur secondarily to increased muscle mass (52) . Overproduction of myostatin in implanted CHO tumor cells induced whole body cachexia, with reduced body weight (approximately Ϫ30%) and muscle weights (approximately Ϫ50%) and with loss of retroperitoneal fat (98) . Overexpression of myostatin in transgenic mice under the control of the muscle creatinin kinase promoter, which resulted in increased myostatin expression in skeletal muscles and heart, led to a significant reduction in lower-limb and forelimb muscle weight (Ϫ18 to 24%) and heart weight (67) . Interestingly, the effects of myostatin transgene expression were selectively seen in male mice while no reductions in skeletal or cardiac muscle mass were detectable in female myostatin transgenic mice. The reason for the gender difference observed in this study is not known but might involve a mechanism in female mice that is able to override the effects of the myostatin transgene.
Similar to the other proteins from the TGF-␤ family, myostatin is produced within the cell as an inactive precursor protein (43, 53) . The myostatin precursor, referred to as prepromyostatin, forms a disulfide-linked homodimer after synthesis and translocation to the endoplasmatic reticulum. A first cleavage removes a 24-amino acid signal peptide to generate promyostatin, which is then cleaved by the furin family of protein convertases at an Arg-Ser-Arg-Arg (RSRR) site at amino acids 240 -243 to generate an NH 2 -terminal (27.7 kDa) and a COOH-terminal fragment (12.4 kDa; see Fig. 1 ) (43, 80) . The COOH-terminal fragment exists as a disulfide-linked dimer that stays noncovalently bound to the NH 2 -terminal fragment (referred to as prodomain; Fig. 1 ). The COOHterminal dimer is the biological active myostatin ligand. The noncovalent association of the NH 2 -terminal prodomain and the COOH-terminal myostatin ligand is described as a latent myostatin complex ( Fig. 1) (43, 80) . The generation of the latent complex by protein convertases of the furin family was until recently thought to occur constitutively only within the Golgi apparatus of the cell, and, therefore, secretion of myostatin was thought to occur as a latent complex. However, it has recently been demonstrated that myostatin is mainly secreted as uncleaved promyostatin in skeletal myocytes (7) . After secretion, this promyostatin is sequestered in the skeletal muscle extracellular space by latent TGF-␤-binding protein 3 and covalent attachment to the extracellular matrix. It is converted to latent complex through cleavage by furin protein convertase in the extracellular space (7) . Unlike in skeletal muscle, myostatin already exists as a latent complex in serum (32) . As a result, there are two different pools of myostatin available that could act to inhibit skeletal muscle growth: one local pool in skeletal muscle that first has to become activated by the furin protein convertase and second the systemic pool of myostatin in serum, which already exists as a latent complex. These two pools with their separate modes of activation are crucial to allow regulation of skeletal muscle growth by myostatin from serum (therefore potentially from heart or adipose tissue) while bypassing the local skeletal muscle myostatin (Fig. 2) .
The mature myostatin ligand (unless otherwise stated referred to simply as myostatin from here on) is released from the latent complex by proteolytic cleavage of the myostatin prodo- It is cleaved at an Arg-Ser-Arg-Arg (RSRR) site to generate an NH2-terminal (27.7-kDa) and a COOH-terminal (12.4-kDa) fragment by the furin family of protein convertases. Middle: the COOH-terminal fragment exists as a disulfide-linked dimer that stays noncovalently bound to the NH2-terminal fragment (prodomain). The COOH-terminal dimer is the biological active mature myostatin ligand. The noncovalent association of the NH2-terminal prodomain and the COOH-terminal myostatin ligand is described as latent myostatin complex. Within this complex, the myostatin ligand is inhibited by the myostatin prodomain. Myostatin is activated from the latent complex after cleavage of the prodomain by BMP1/tolloid proteinases. R stands for arginine residue 75. Bottom: the COOH-terminal myostatin dimer is the active ligand that binds to the activin receptor IIB (ActRIIB). Systemic myostatin is present in serum as a latent complex. Upon arrival at its target organ (skeletal muscle), it becomes activated through cleavage by BMP1/tolloid proteinases. The heart contributes to the systemic myostatin pool during pathological cardiac stress. Whether fat tissue releases myostatin in the circulation (e.g., in obesity) is currently unknown. The predominant contributor to systemic myostatin is skeletal muscle, although the main local pool of myostatin within skeletal muscle is present extracellularly as promyostatin. This local myostatin is activated in a two-step process that includes first a cleavage by the furin convertase before myostatin activation can be induced by BMP1/ tolloid proteinases. With these different mechanisms of activation, it is possible that systemic myostatin regulates skeletal muscle growth while bypassing the high abundant local myostatin.
main by the BMP1/tolloid family of metalloproteinases (like BMP-1, TLL-1, and TLL-2) between Arg-75 and Asp-76 ( Fig.  1) (94) . BMP-1 and TLL-1 expression were both detected in different skeletal muscles and the heart, and TLL-1 mRNA was even shown to be significantly induced in the tibialis anterior muscle after 3 days of proatrophic hindlimb suspension, while being reduced in expression after 2 days of food deprivation (4). This dynamic regulation would allow for enhanced/reduced release of myostatin in muscle from the latent complex during atrophy stimulation or inhibition of atrophy, respectively. Mice expressing a mutant myostatin prodomain that is resistant to proteolytic cleavage develop severe skeletal muscle hypertrophy similar to that of myostatin knockout mice (39) . These data indicate that cleavage of the prodomain is required for myostatin activation and its release from the latent complex. Indeed, it had been demonstrated that the myostatin prodomain inhibits receptor binding and also reporter activation by myostatin (43, 80) . In line with this in vitro data, transgenic overexpression of the myostatin prodomain in mouse skeletal muscle results in severe hypermuscularity like in myostatin knockout mice (43, 95) . Other proteins that bind myostatin and inhibit its activity include follistatin, FLRG, and GASP-1 (32, 33, 43) . Interestingly, transgenic overexpression of follistatin in mouse muscle leads to muscle growth that is more dramatic than in myostatin knockout mice (43) . Furthermore, overexpression of follistatin in the myostatin knockout background leads to a further increase in muscle weight, which in total is four times more than in wild-type mice (40) . These data indicate that myostatin might have a companion protein in negative regulation of muscle growth that is also bound and inhibited by follistatin and that might use similar signaling mechanisms. Indeed, it is now believed that activin-A is that companion of myostatin, because activin-A also binds follistatin, and muscular overexpression of a mutant form of follistatin that cannot bind activin-A fails to enhance muscle growth in the myostatin knockout background (26) . Moreover, heterozygous activin-A knockout mice show increased skeletal muscle weights while overexpression of activin-A induces muscle atrophy (26, 42) .
Activin-A, myostatin, and gdf-11 all bind to the activin receptor IIB (ActRIIB) in mice, which is responsible for mediating the growth-inhibiting effects of myostatin on skeletal muscle. Accordingly, transgenic overexpression of a dominant-negative form of ActRIIB results in hypermuscularity in mice similar to myostatin knockout mice (43) . Receptor activation and intracellular signaling of myostatin is similar to that of TGF-␤1 (Fig. 3) . Myostatin first binds to the type II receptor ActRIIB, which then heterodimerizes with either type I receptor ALK 5 or ALK 4. Binding of myostatin to this receptor complex leads to phosphorylation and activation of SMAD2 and SMAD3. These signaling mediators then translocate to the nucleus to regulate gene expression in association with SMAD4, which acts as a co-SMAD (Fig. 3) (84) . Although SMADs have intrinsic DNA-binding activity, association with DNA-binding cofactors like p300, TGIF, c-Ski, and Evi-1 add to the complexity of the system (84) . Myostatin stimulation also leads to inhibition of the protein kinase B/Akt and the growth-promoting kinase mammalian target of rapamycin (mTOR), which acts immediately downstream of Akt (56, 70, 83, 92) . However, the mechanism of SMAD-dependent inactivation of Akt has not been deciphered yet. mTOR is capable of regulating protein synthesis and cell size, but only around 40% of the hypertrophic effects of blocking myostatin can be reversed by anti-mTOR agents (70, 92) . Whether Akt inhibition by myostatin also leads to enhanced nuclear localization of forkhead box O1 and thereby increases expression of atrogin-1, an E3 ubiquitin ligase that labels targets for proteosomal degradation, is still a matter of debate. Both in vitro and in vivo studies have demonstrated that myostatin inhibits protein synthesis without increasing proteolysis in C2C12 myotubes or in mouse skeletal muscle (79, 89, 92) . Interestingly, recent evidence suggests that satellite cell activation might not be needed for the effects of myostatin inhibition on muscle hypertrophy (6) . Together, these data imply that stimulation of protein synthesis is the primary reason for exaggerated muscle growth upon myostatin blockade. Which genes are influenced by myostatin binding to its target cells? It was reported that myostatin inhibits the proliferation of myoblasts and satellite cells by influencing the expression of genes participating in cell cycle regulation like, for example, p21 (upregulation by myostatin), CDK2, or Wnt4 (both repressed by myostatin) (50, 76) . Myostatin inhibits myogenic differentiation by downregulating expression of myogenic regulators like MyoD, myogenin, and Myf-5 (35, 38, 68) . Moreover, the antifibrotic properties of myostatin inhibition in adult skeletal muscles were shown to be at least partially mediated by downregulating the expression of different collagen genes (e.g., Col1a1 and Col5a1; Fig. 3) (91) .
Because myostatin is such a powerful mediator, its therapeutic manipulation is being tested in the treatment of several disease states. For example, inhibition of myostatin by antibody (clone JA-16 or PF-354) has been shown to ameliorate muscle pathology and to increase strength, especially in younger mice with different forms of muscular dystrophy (16, 59, 61, 86) . However, this approach of antibody-based myostatin inhibition was much less effective in a phase I/II trial conducted in adult human subjects with muscular dystrophy, although an insignificant trend toward mildly increased skeletal muscle mass was observed and the myostatin inhibiting antibody (MYO-029) was well tolerated (85) . Novel reagents have recently emerged, which block activation of the ActRIIB and therefore inhibit the action of both activin-A and myostatin, which might be more effective (37) . Indeed, administration of recombinant ActRIIB as a decoy receptor in mice was able to prevent and reverse cancer-associated cachexia in tumor-bearing mice and even markedly improved mouse survival in this model, although tumor growth itself was not inhibited (97) . These results are in itself ground breaking and underscore the need to therapeutically prevent cachexia in different diseases. Increased levels of muscle myostatin and/or serum myostatin have been reported in human patients with human immunodeficiency syndrome, chronic obstructive pulmonary disease, and heart failure, opening up a whole range of different possible applications for ActRIIB inhibition (24, 28, 30, 62) .
Cardiac Myostatin in Health and Disease
Proliferating fetal cardiomyocytes (E18) express relatively low levels of myostatin, but its expression (mRNA and protein) rises dramatically until postnatal day 10 and subsequently decreases again toward adulthood (51) . Within the ventricular myocardium, myostatin expression is highest in the left ventricle, since a sixfold higher mRNA expression was measured there compared with the right ventricle of 20-day-old piglets (81) . Interestingly, cardiac myostatin levels can be reinduced in the adult organism upon increased cardiac load. After myocardial infarction, cardiomyocytes in the peri-infarct area express higher amounts of the protein between 12 hours and 30 days after induction of myocardial ischemia (72) . Similar results were obtained eight weeks after myocardial infarction in rats when Lenk and his coworkers (44) observed an increase of myostatin protein (4-fold) and RNA (around 3-fold) in the myocardium.
Increased myocardial myostatin was also found in other animal models after pathological stimulation, for example, in a rat model of volume-overload heart failure (around 3-fold upregulation of myostatin mRNA and protein after induction of an aortocaval shunt) and in transgenic mice with cardiac hypertrophy due to chronic overexpression of activated Akt (18.4-fold upregulation of myostatin mRNA) (20, 75) . In vitro studies in isolated cardiomyocytes suggest that myostatin mRNA and protein can be directly induced in these cells by mechanical stretch or humoral stimulation with IGF-I, phenylephrine, or angiotensin II, involving intracellular activation of mitogen-activated protein kinases (p38 and/or ERK) and binding of the transcription factor MEF2 within the myostatin promoter region (15, 74, 87) . One study failed to report an enhancement of cardiac myostatin mRNA during heart failure progression in dogs due to overpacing but instead detected elevated levels of the related activin-A in moderate and severe heart failure (2-to 3-fold increase) (47) . The cause for the deviant result in this study might be that myocardial samples were obtained by biopsy from the septal region within the right ventricle, which reportedly has lower myostatin levels and which is also exposed to different loading conditions compared with the left ventricle. The other studies measured myostatin in the whole heart that is dominated by the higher volume fraction of the left ventricle. Importantly, a recent study by George and colleagues found increased myostatin levels in left ventricular myocardial samples from human patients with ischemic (ICM) or dilated (DCM) cardiomyopathy (24) . More myostatin prodomain was detected by Western blot in the myocardium of these patients (2-fold more in DCM, 6-fold more in ICM), although the levels of the full-length myostatin precursor protein (promyostatin) remained unchanged. This indicates that cleavage of the myostatin precursor by the furin protein convertase is enhanced in the diseased human hearts, thus generating more prodomain and active myostatin ligand. In contrast, regardless of the increased cleavage, the myostatin precursor is maintained at a constant level with a self-renewal mechanism, possibly involving a feedback regulatory mechanism by the prodomain or the active COOH-terminal ligand (25) .
The enhanced myostatin abundance in the heart could either lead to local effects and/or to systemic effects upon release of myostatin from the myocardium into the blood stream (Fig. 4) . Local effects of myostatin in the failing human heart are suggested by increased cardiac expression of BMP-1 (which releases and activates myostatin from its latent complex), increased expression of the myostatin receptor ActRIIB, and finally increased SMAD2/3 activation (25) . Studies in myostatin knockout mice suggest that myostatin inhibits pathological hypertrophy in male mice (but not in female mice) upon stimulation with the ␣-adrenergic agonist phenylephrine because these mice show exaggerated hypertrophy after 14 days of phenylephrine infusion (57) . Along these lines, systemic blockade of the ActRIIB (which, besides myostatin, is also stimulated by activin-A) also leads to increased myocardial growth during cancer-induced cachexia in mice (97) . In contrast, chronic pressure overload (12 wk) through aortic constriction (TAC) did not alter the hypertrophic response in cardiac-specific myostatin knockout mice (31) or in systemic myostatin knockout mice (Heineke and Molkentin, unpublished observation). These data suggest that endogenous myo-statin only inhibits cardiac growth in response to select stimuli. One reason could be that myocardial levels of activated myostatin are not high enough to inhibit cardiomyocyte growth under certain conditions. This is supported by the fact that transgenic overexpression of high myostatin levels in the heart leads to inhibition of cardiac growth even at baseline (without any stimulation) (14, 31, 67) . During aging, myostatin appears to inhibit cardiac function and induce tissue fibrosis, since 27-to 30-mo-old myostatin knockout mice display less myocardial fibrosis, less ventricular dilation, and improved cardiac function compared with their wild-type counterparts. The improved cardiac function was associated with increased phosphorylation of the sarcoplasmatic protein phospholamban, which leads to increased calcium release in the cytosol during systole (58) . Indeed, an increased calcium transient has been detected in adult cardiomyocytes from myostatin knockout mice (69) . However, compared with wild-type mice, no change in cardiac function was found in myostatin-deficient mice after chronic pressure overload stimulation (31) . Together, all these results suggest modest local effects of myostatin in the heart, which are highly dependent on the stimulus and which include antihypertrophic, pro-fibrotic, and inhibitory effects on cardiac function.
Is myostatin released from the heart, when its myocardial abundance is enhanced during pathological stimulation and, even more importantly, does it have systemic effects under these circumstances? A threefold increase in myostatin secretion from isolated Akt transgenic hearts was previously reported (57). To address this question more directly, our group engineered mice with a cardiomyocyte-specific deletion of myostatin (MSTN-CKO). To achieve this, we employed the Cre/Lox system and crossed the cardiac-specific Nkx2.5 Cre mice with mice in which the exon 3 of myostatin (encoding for the COOH-terminal active myostatin ligand) is enclosed by loxp sites (MSTN-flox) (31) . The MSTN-CKO mice selectively lacked myostatin mRNA in the heart, whereas myostatin mRNA and its precursor protein were detected at normal levels in skeletal muscle. At baseline, wild-type mice and MSTN-CKO mice at the age of two months had comparable serum levels of the active COOH-terminal myostatin ligand in serum (31) . Major differences occurred when these mice were subjected to two weeks of pressure overload stimulation (TAC): while circulating levels of myostatin in wild-type mice rose by about threefold, no increase in serum myostatin was observed in MSTN CKO mice. These data demonstrate that, in the case of pathological loading, the heart releases myostatin into the circulation and thereby generates increased serum levels of the protein. Elevated serum myostatin in wild-type mice was associated with skeletal muscle atrophy, since the quadriceps, gastrocnemius, and soleus muscles all displayed a decreased muscle weight (Ϫ10 to 26%). Importantly, however, no such decrease in skeletal muscle weights (i.e., no atrophy) was observed in MSTN-CKO mice. This directly demonstrates that cardiac myostatin is responsible for the induction of muscle atrophy in mouse heart failure induced by pressure overload (31) . Whether myostatin from the heart is also responsible for the insulin resistance or the fiber type switching (toward more slow fibers) reported to occur in heart failure was not yet examined, but both effects have been ascribed to myostatin (Fig. 4) (27, 52, 73, 77) . Interestingly, elimination of cardiac myostatin did only influence skeletal muscle mass after aortic constriction but not at baseline or after sham operation. This indicates that cardiac myostatin regulates skeletal muscle mass during increased (pathological) cardiac stress but not during normal cardiac development or adult life, when the heart also does not appear to contribute to myostatin serum levels. As a proof of concept, and to see whether indeed myostatin synthesized and released from cardiac myocytes is capable of inducing atrophy in peripheral skeletal muscle (despite the high local abundance of myostatin there), we generated mice that overexpress myostatin specifically in cardiac myocytes under the control of the ␣-myosin heavy chain promoter. Serum levels of myostatin were increased by three-to fourfold in these transgenic mice compared with nontransgenic littermates (similar to what we observed during pressure overload) and indeed show significantly reduced skeletal muscle weights (minus 13 to 30%, again similar to the reduced muscle weights in wild-type mice in pressure overload-induced heart failure) (31) . As would be expected, however, although the heart contributes significantly to serum myostatin during pathological overload, skeletal muscle itself appears to contribute the highest proportion of serum myostatin, since ablation of myostatin specifically in skeletal muscle (by crossing the MSTN-flox mice to mice harboring a skeletal muscle-specific Cre) reduces serum levels by 60 -70% (Heineke, Auger-Messier, and Molkentin, unpublished results).
How can even a threefold increase in serum myostatin (like we observe after pressure overload) have an impact on skeletal muscle growth considering the high local concentration of myostatin in skeletal muscle? The likely answer to this question lies in the existence of at least two different pools of myostatin within the mammalian organism (Fig. 2) . As already alluded to earlier in this review, the main difference of these two myostatin pools lies in their mode of activation. The main portion of myostatin in skeletal muscle exists as myostatin precursor protein (promyostatin), which is constitutively bound and inhibited by the latent TGF-␤-binding protein 3 (LTBP-3) and associates outside skeletal muscle fibers to extracellular matrix (7) . Activation of this local (high-abundance) skeletal muscle pool of myostatin requires two steps: first, cleavage at the RSRR site at amino acids 240 -243 by furin convertases to generate an NH 2 -terminal (27.7-kDa) and a COOH-terminal (12.4 kDa) fragment that stay noncovalently associated in a latent complex (also see Fig. 1 ). Second, the prodomain within this latent complex needs to be cleaved by the BMP1/tolloid family of metalloproteinases to release the active COOHterminal myostatin ligand in muscle. In contrast, the second pool is the systemic myostatin portion that circulates in the blood stream (7) . This second fraction already exists in the latent complex and, when it arrives at its target organ (skeletal muscle), only needs one-step activation through cleavage by the BMP1/tolloid family of metalloproteinases and therefore can bypass the local myostatin pool in skeletal muscle, which needs two steps for activation (Fig. 2) . Things are complicated by the fact that skeletal muscle itself is a major contributor to the systemic myostatin pool. Whether and to what extent adipose tissue contributes to systemic myostatin is currently not known (Fig. 2) . Although pure speculation at this point, increased adipocyte myostatin production during obesity could contribute to decreased skeletal muscle mass in this setting (52) . We have shown that the heart contributes to this second systemic myostatin pool during pathological loading conditions ( Fig. 2) (31) . In support of this, George and colleagues (25) detected elevated levels of myostatin latent complex in serum of patients with DCM-associated heart failure (25) . In support of the myocardium as a contributor to the systemic latent complex, the major myostatin form within the diseased heart was the myostatin prodomain, which is one of the main components of the latent complex found in serum (25) . Another, although somewhat less powerful, distinction between local skeletal muscle and systemic myostatin might be represented by the differential regulation of myostatin mRNA transcription: while numerous studies (see above) have demonstrated increased myostatin mRNA in the heart during cardiac disease (which then contributes to elevated systemic myostatin levels), increased myostatin RNA has not been detected locally in skeletal muscle under these circumstances, therefore shifting the balance toward systemic myostatin (25, 44, 46) . One study observed elevated myostatin protein in skeletal muscle in infarction-induced heart failure, but no corresponding increase in myostatin mRNA was detected, and thus the myostatin could also be derived from the heart, which displayed increased myostatin mRNA and protein in that study (44) .
Another level of complexity is added by the fact that activin-A, another TGF-␤ cytokine that acts much like myostatin by binding to the ActRIIB receptor, is also capable of inducing skeletal muscle wasting and is also elevated in the myocardium after myocardial infarction in rats and increased in serum of heart failure patients (26, 42, 60, 96) . Therefore, activin-A, although this has not been formally shown yet as in the case of myostatin, might also be released from the heart during failure and might amplify myostatin's effect on skeletal muscle.
Is inhibition of myostatin feasible as treatment of muscle atrophy in heart failure? In our recent study, we inhibited myostatin through injection of the monoclonal antimyostatin antibody clone JA-16, which inhibits binding of myostatin to its receptor ActRIIB. Treatment was started in preexisting heart failure after TAC, and, compared with treatment with unspecific control antibody, skeletal muscle atrophy could indeed be reversed by six weeks of JA-16 treatment (31). Therefore, inhibition of myostatin during heart failure-induced muscle atrophy could be a valuable approach to increase muscle strength and mobility in these patients. No effect of JA-16 on cardiac function-or heart failure-associated mortality was observed in the study (31) , although we noted a modest (but statistically significant) reduction in heart weight upon myostatin inhibition, indicating that cardiac pathology was somewhat improved (Heineke and Molkentin, unpublished observation). Reduction of myostatin levels in heart failure might also be achieved by moderate regular exercise, since Lenk and colleagues (44) observed reduced myostatin levels by regular treadmill exercise in rats after myocardial infarction. Considering that the effects of myostatin in heart failure might be enhanced by activin-A, it would be reasonable to consider blockade of the ActRIIB as a more effective strategy, because this receptor is activated by both cytokines. Indeed, inhibition of ActRIIB activation by a recombinant ActRIIB decoy receptor during cancer cachexia completely reversed muscle wasting and even improved survival in mice with cancer, although tumor growth itself was not changed by the treatment (97) . Clearly, therapeutic ActRIIB blockade also needs to be tested in heart failure models.
Concluding Remarks and Future Perspectives
Because of its high prevalence and association with morbidity, muscle wasting with cardiac cachexia is a significant clinical problem. To address it more effectively, a thorough understanding of the underlying molecular pathways is crucial. Increased levels of neuroendocrine mediators like (nor)epinephrine, angiotensin II, or proinflammatory cytokines such as TNF-␣, IL-1, and IL-6, corticosteroids, as well as reduced levels of peptide hormones (IGF-I) have been implicated to induce a catabolic state during heart failure. Recently, the TGF-␤-related cytokine myostatin was identified as an important mediator of cardiac-induced muscle wasting. In this setting, cardiac myostatin acts in an endocrine fashion to communicate to skeletal muscle and induce atrophy. The reason for the evolutionary conservation of this pathway, which is only active during enhanced cardiac stress, is unknown, although it might restrain unbalanced organ growth and therefore (through a reduction in skeletal muscle mass) limit the circulatory burden imposed on the heart. In this regard, release of myostatin from the myocardium might, as in the case of neurohormones, transiently contribute to the upholding of blood circulation during heart failure. In the long run, however, high levels of myostatin (and activin-A) in patients suffering from cardiac failure are most likely maladaptive, and therapeutic inhibition could lead to improved muscle mass and strength (hence better quality of life for these patients) and perhaps even to improved cardiac function. To translate the mainly animal-based findings highlighted in this review into the clinic, several steps need to be undertaken: first, elevated levels of myostatin and/or activin-A need to be verified in larger cohorts of patients with heart failure, and their usefulness as a biomarker for cardiac cachexia needs to be examined. Second, effective myostatinand/or ActRIIB-blocking agents that are being developed need to be tested thoroughly in multiple different animal models of heart failure (including larger animal models like pigs) before their safety and effectiveness can be evaluated in clinical studies in patients with heart failure. 
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